Cryogenic correlated light and electron microscopy (cryo-CLEM) is a valuable tool for studying 23 biological processes in situ. In cryo-CLEM, a target protein of interest is tagged with a fluorophore 24 and the location of the corresponding fluorescent signal is used to identify the structure in low-25 contrast but feature-rich cryo-EM images. To date, cryo-CLEM studies of mammalian cells have 26 relied on very bright organic dyes or fluorescent protein tags concentrated in virus particles. Here 27 we describe a method to expand the application of cryo-CLEM to cells harboring genetically-28 encoded fluorescent proteins. We discovered that a variety of mammalian cells exhibit strong 29 punctate autofluorescence when imaged under cryogenic conditions (80K). Compared to 30 fluorescent protein tags, these sources of autofluorescence exhibit a broader spectrum of 31 fluorescence, which we exploited to develop a simple, robust approach to discriminate between 32 the two. We validate this method in INS-1E cells using a mitochondrial marker, and apply it to study 33 the ultrastructural variability of secretory granules in a near-native state within intact INS-1E 34 pancreatic cells by high-resolution 3D electron cryotomography. 35 36 37 38 39
Introduction
In cryo-CLEM samples are preserved in a near-native, "frozen-hydrated" state. To visualize 61 fluorescence inside frozen-hydrated cells, cryogenic LM (cryo-LM) stages are used (Briegel, proteins, on the other hand, can be easily fused with most proteins and offer a richer repertoire of 74 colors, but they are much less bright, so their signals can be more difficult to distinguish from 75 cellular autofluorescence. Here we describe a method to distinguish signal arising from 76 genetically-encoded fluorescent proteins from endogenous autofluorescence in mammalian cells 77 under cryogenic conditions. We validate the approach with mitochondria and then demonstrate 78 how the method allows secretory granules to be identified and structurally characterized within 79 intact pancreatic cells with unprecedented resolution. 
Results

85
INS-1E cells exhibit bright, punctate autofluorescence at ~80K 86
Initially, we set out to image the secretory pathway of the pancreatic beta cell-derived INS-1E line, 87 which has long been used as a model system (Merglen, Theander et al. 2004 , Farino, Morgenstern 88 et al. 2016 ). The secretory machinery of these cells has been well studied by both LM and 89 conventional EM (Rubi, Ljubicic et al. 2005 , Giordano, Brigatti et al. 2008 ), but we wanted to 90 advance that by imaging cells in a near-native, frozen-hydrated state in 3-D by using electron 91 cryotomography (ECT) (Oikonomou and Jensen 2016) . We were particularly interested in dense 92 core secretory granules (DCSGs), which are central to the efficient secretion of hormones including 93 insulin (Kim, Tao-Cheng et al. 2001 ). To identify DCSGs in cryotomograms, we tagged 94 chromogranin A (CgA), a granin protein widely used as a marker for DCSGs given its almost 95 exclusive localization to this intracellular compartment (Huh, Bahk et al. 2005 CgA-GFP (due either to the low temperature or the low NA of our long working-distance air 104 objective (NA 0.7), or both), we used exposure times of up to 2 seconds and applied a 2D real-105 time deconvolution algorithm. We observed a punctate cytosolic distribution ( Figure 1A) consistent 106 with CgA's expected intracellular localization to secretory granules (Huh, Bahk et al. 2005) . 107
108
As a negative control, we also imaged untransfected INS-1E cells by cryo-LM ( Figure 1b ). Unlike 109 room-temperature images of untransfected cells, which display little autofluorescence (Figure 1c -110 d), to our surprise unlabelled INS-1E cells exhibited clear puncta at ~80K (cooled by liquid 111 nitrogen). To determine whether the autofluorescence observed at 80K was broad-spectrum, as is 112 typical at room-temperature (Billinton and Knight 2001) , we also imaged untransfected and 113 transfected cells using an mCherry filter. In transfected cells there were two populations of puncta: 114 one emitting both green and red fluorescence, and one emitting primarily green fluorescence 115 ( Figure 1a ). In untransfected cells, all the puncta emitted both green and red fluorescence ( Figure  116 1b), indicating that the autofluorescence in the sample was broad spectrum. 117 118
Other mammalian cells also exhibit bright autofluorescence at ~80K 119
Next we checked if bright autofluorescence at 80K was unique to INS-1E cells. We applied the 120 same imaging technique to three other untransfected cell lines: rhesus macaque fibroblasts, HeLa 121 cells and human primary adipocytes. All three cell lines exhibited numerous puncta distributed 122 throughout the cell volume with broad fluorescence spectra ranging from green (FITC) to red 123 (mCherry) ( Figure 2 ). To identify the source of the observed autofluorescence, we imaged several 124 puncta at high-resolution by ECT. All of the autofluorescent puncta in rhesus macaque fibroblasts 125 
Cryo-CLEM of INS-1E cells transfected with chromogranin A-GFP 167
Having established a technique to distinguish signal from autofluorescence, we returned to INS-168 1E cells expressing CgA-GFP. Once again, we imaged both untransfected and transfected cells 169 by cryo-LM, recorded their intensity values in the green (FITC) and red (mCherry) channels, and 170 plotted these values in two dimensions ( Figure 5a ). As expected, we observed a broad overlap 171 region in the center of the plot with puncta from both the transfected (tagged) and untransfected 172 (untagged) cells. We also observed a region in the upper left corner of the plot devoid of puncta 173 from untransfected cells which very likely contained CgA-GFP-specific signal. 174
Twenty-seven puncta were then imaged by ECT, including 15 in the upper left corner of the plot 176 and 12 in the ambiguous overlap region. Cryotomographic slices through ten examples are shown 177
in Figure 5b (see also Supplementary Movie 1). Among the puncta from the upper left corner of 178 the plot (very likely to contain CgA-GFP), we observed vesicles with a dense aggregate core (#'s 179 4 and 6 for example), vesicles with a dense granular core (#5 for example), vesicles with a dense 180 aggregate or granular core and internal smaller vesicles (#'s 1 and 3 for example), and clusters of 181 dense aggregated material partially surrounded by membrane fragments (#'s 2 and 7). Among the 182 puncta in the ambiguous overlap region we saw two vesicles with crystalline cores (#'s 8 and 10) 183 and a cluster of very dense aggregated material (# 9). 184 185
Discussion
186
Here we report the discovery that many mammalian cell lines exhibit strong punctate 187 autofluorescence at ~80K and an approach to distinguish fluorescent protein tags from this 188 autofluorescence. 189 190 Cellular autofluorescence at room temperature is known to arise from multiple sources including 191
(1) biomolecules such as amino acids containing aromatic rings, (2) the three-ring system of flavins 192 (producing green spectra) ( Using our method to identify structures that contained CgA-GFP, we observed not just one class 244 of DCSGs, but a diversity of objects including vesicles with a dense aggregate core, vesicles with 245 a granular core, vesicles with a dense aggregate or granular core and internal smaller vesicles, 246 clusters of dense aggregated material partially surrounded by membrane fragments, and a cluster 247 of very dense aggregated material in the cytoplasm with no membrane fragments in the vicinity. 248
We speculate that the first two classes represent different steps in the secretory pathway, and that 249 the last two classes are the result of vesicle lysis. The vesicles with smaller vesicles inside may be 250 autophagasomes, which are known to degrade insulin as a mechanism to regulate secretory 251 function, though they were not clearly surrounded by two membranes as expected for filter. Mito-dsRed2 was visualized with an mCherry filter. Blue fluorospheres were visualized with 311 a DAPI filter. Following FLM imaging, images from different channels were aligned (as described 312 above) using either a module in the NIS Elements software or a Python alignment script written in-313 house. The 500 nm blue fluorospheres were used to align the DAPI, FITC and YFP channels while 314 autofluorescent puncta were used to align the mCherry channel with the others. The fluorescence 315 channels were aligned to subpixel accuracy. Before the FLM images were further analyzed, 316 background fluorescence in each channel was subtracted from the respective images. This 317 background fluorescence was uniform throughout each image (even outside cellular areas) and 318 likely originates from the grid/ice. Fluorescent puncta were identified in the channel of interest using 319 an in-house python script and their peak fluorescence intensities measured. In addition, intensities 320 of the same pixels in other channels were also recorded. For example, in the case of CgA-GFP 321 dataset, peak intensities of puncta in the FITC channel and their corresponding pixel intensities in 322 the mCherry channel were recorded. Peak intensity values in both channels of both untransfected 323 and transfected cells were plotted on scatter plots. 324 325
Cryo-CLEM and ECT 326
Grids previously imaged by FLM were subsequently imaged by ECT using an FEI G2 Polara 300kV 327 FEG TEM equipped with an energy filter (slit width 20 eV for higher magnifications; Gatan, Inc.). 328
Images were recorded using a 4k x 4k K2 Summit direct detector (Gatan, Inc.) operating in the 329 electron counting mode. First, areas containing the fluorescent puncta of interest were located in 330 the TEM. Tilt series were then recorded of these areas using UCSF Tomography (Zheng, 331 Keszthelyi et al. 2007) or SerialEM (Mastronarde 2005) software at a magnification of 18,000X. 332
This corresponds to a pixel size of 6 Å (at the specimen level) and was found to be sufficient for 333 this study. Each tilt series was collected from -60° to +60° with an increment of 1° in an automated 334 fashion at 8-10 µm underfocus. The cumulative dose of one tilt-series was between 80 and 200 e -335 /Å 2 . 336 337 Areas of interest were located by TEM in a stepwise manner. First, the grid square/cell of interest 338 on the finder grid was located by using large location markers or other features visible at a low 339 magnification (100 X). Second, a smaller area containing the fluorescent punctum of interest was 340 located by mapping FLM images to intermediate-magnification EM images (typically 3,000X or 341 1,200X) by eye using various local features within the identified grid square. These features 342 included (1) clusters of 500 nm microspheres that were arranged in a uniquely identifiable pattern, 343
(2) cracks and regularly spaced 2 μm holes in the carbon film and (3) ice contamination. This was 344 done with either UCSF Tomography (Zheng, Keszthelyi et al. 2007) or SerialEM (Mastronarde 345 2005) . With UCSF Tomography, the area of interest first had to be mentally mapped on the 346 low/intermediate magnification EM image using the local features described above before being 347 identified again at 18,000 X magnification by the same features (if available within the field of view). 348
Correlation with SerialEM was more streamlined. FLM images were registered with EM images of 349 the grid square of interest using local features (described above) as control points. These EM 350 images could be either single projection images at a low enough magnification (360X or 1,200X) 351
to contain the area of interest and enough control points to enable tilt-series collection or a montage 352 assembled from higher-magnification (3,000X) EM images. Once the FLM images were registered, 353 areas of interest were marked using the "anchor maps" feature. Using this feature, marked areas 354 could be revisited and tilt-series collected in an automated fashion. Once acquired, tilt-series were 355 aligned and binned four-fold into 1k x 1k arrays before reconstruction into 3D tomograms with the 356 IMOD software package (Kremer, Mastronarde et al. 1996) . In addition to the tilt-series, projection 357 images of the location at various magnifications (360X, 1,200X, 3,000X, 9,300X and 18,000X) were 358 saved and used for high-precision post-data collection correlation. 
